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We present a special configuration for the electrochemical etching of silicon, in which thin 
samples suitable for direct transmission electron microscopy observation are produced. This 
technique allows the observation of images of an irregular matrix of pores and individual 
columnlike structures with a - 15 A cross-sectional diameter. These images show that the 
preferential etching directions are the projections of the {loo) planes on the ( 111) plane for the 
etched (1 1 1)-oriented silicon. The large pore ( > 50 nm diam) axis orientation is independent of 
the preferential etching direction and is parallel to the etching current direction. 
Pore formation in silicon is a result of electrochemical 
anodization in hydrofluoric acid solutions. The first reports 
of silicon etching in HF solutions were published by Uhlir’ 
in 1956 and Turner2 in 1958 who observed color changes of 
the silicon surface as a result of the etching process. Sub- 
sequently, Theussen3 showed that the interference colors 
were due to the formation of a porous structure within the 
silicon substrate. 
Recent published work in the visible luminescence 
from porous Si (PS) have further stimulated interest in 
Si-based optical devices. Cullis and Canham reported ev- 
idence of the structural nature of PS material. The trans- 
mission electron microscopy (TEM) samples for that 
study were prepared by directly flaking the sample sur- 
faces, which allowed collection of fragments or flakes on a 
specimen grid to be imaged via TEM. Xie et aL5 have pre- 
sented data on strongly emitting and highly porous silicon 
films which indicated that the structure was composed of 
predominantly 6-7 nm sized clusters. Other TEM stud- 
ie&” have successfully revealed the morphology of the 
porous layers in specimens prepared by sequential mechan- 
ical polishing and ion-beam milling. The former process 
generally requires that the sample be waxed to a plate and 
treated with solvents at various times. The ion-milling pro- 
cess amorphizes the bombarded surface layers of the ma- 
terial to a depth of typically -3-5 nm. As we wanted to 
examine structures whose dimensions are a few tenths of 
nanometers only, we considered these sample preparation 
processes to be both potentially harmful to the structure. 
Recently, Beale et al. ‘I concluded that no preferential 
crystallographic etching exists in porous silicon formation 
from either n-type or p-type substrates. These conclusions 
have also been supported by the work of Tsao et al. ,” they 
are although in direct contrast to the work of Anderson 
et al. l3 and Harsanyi and Habermeir14 who have reported a 
definite preferential (100) pore propagation in n-type sili- 
con.3-5 Later Chuang et al.’ confirmed the results of 
Anderson et al. and Harsanyi and Habermeier for n-type 
(100) pore propagation and also presented new TEM ev- 
idence for selective (100) pore propagation in p-type ma- 
terial as well. Previous TEM studies have shown that the 
PS structure is formed by main pores and that side pores 
grow from the primary pores along the (001) directions.4 
In this letter, we report TEM results which reveal the 
nanostructure of luminescent porous silicon. The electro- 
chemical etching was performed in a special cell in order to 
generate a wedge structure suitable for direct TEM obser- 
vation. This procedure eliminates possible structural arti- 
facts arising due to ion milling process or to cleaving the 
sample, a source of major concern stressed in an earlier 
study.“” Our present technique allows the observation of 
the silicon/porous silicon interface, which shows details of 
the formation of the main pores and side pore structure. 
The electrochemical cell was made of PTFE, with a 
rectangular cross section (32 x 65 cm’), as shown in Fig. 1. 
The counterelectrode was a circular platinum mesh with a 
diameter of 35 mm. The substrates were (111) and ( 100) 
oriented silicon. The 2 in. diam circular wafers were usu- 
ally cut into 4 x 20 mm rectangular slabs, although other 
sizes were also used. A thin aluminum film was deposited 
on the upper part of each slab and annealed at 500 “C! for 
15 min to form an ohmic contact. Each Si slab was 
mounted perpendicularly to the electrolyte level and con- 
tact was made near the edge of the wafer. Only the lower 
part of the wafer was immersed in the solution. A teflon- 
coated magnetic stirrer was used to keep the solution well 
mixed, and also to assist in removing bubbles which accu- 
mulate on the wafer surface. The anodization was carried 





FIG. 1. Electrolytic cell used for producing thin samples suitable for 
direct TEM observations. 
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FIG. 2. TEM micrograph of porous silicon formed on ( 11 l)-oriented 
silicon (p-type, 0.4 Q cm). The plane of the photograph is the (111) 
plane. Inset: Magnified view (X4) of the area indicated showing the 
porous silicon/solution interface. 
constant voltage was generated by a PAR 273A 
galvanostat/potentiostat. All the ( 1 1 1)-oriented Si sam- 
ples analyzed by TEM when excited by an unfocused 2.71 
eV line of a cw Ar laser showed luminescence with a fea- 
tureless wide peak centered at 1.95 eV.” 
After anodization the silicon slab edge was gently 
touched with a 400 mesh TEM specimen grid (parlodium 
coated). Fragments of the Si slab tip were transferred to 
the specimen grid by capillary adhesion. The grid was then 
dried and inserted into the TEM for study, within 24 h of 
the anodic fabrication of the tip. TEM examinations were 
carried out in a Zeiss CEM902 microscope using 80 keV 
electrons and equipped with a SIT image intensifying cam- 
era. Beam fluxes were as low as possible, to minimize pos- 
sible specimen damage. 
Figure 2 shows the dimensions and morphology of typ- 
ical structures formed by etching ( 11 l)-oriented crystal- 
line (p-type, 0.4 a cm) silicon. It reveals an array of holes 
(white areas) 25-50 nm across, that form a structure of 
pores perpendicular to the ( 111) plane of the silicon slab 
and also forms a zig-zag structure normal to the PS/ 
electrolyte interface. It exhibits wall dimensions (indicated 
by ,A in Fig. 2) of the order of 10 nm compared to the bulk 
value of 25 nm (B in Fig. 2). The lower part of the right- 
hand side of Fig. 2 shows a 4 X-magnified view of the edge 
of the slab with details of the porous silicon/solution in- 
terface. The silicon etched walls exhibit strong crystal an- 
isotropy. The three preferential crystallographic etching di- 
rections are clearly shown (C in Fig. 2), which 
corresponds to the projections of the {loo} planes on the 
(111) plane. The etched structure (whitish pattern in the 
black region) is all formed by walls along these directions. 
The columnar dark spots in the walls have cross-sectional 
diameters that vary from 12 to 36 A. The corresponding 
transmission electron diffraction pattern is similar to that 
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FIG. 3. Left-hand side: TEM micrograph of porous silicon formed by 
etching of (11 l)-oriented Si slab (p-type, boron doped, 0.4 Cl cm) show- 
ing a region far from the electrolyte/porous silicon interface; right-hand 
side: the same, magnified 4~. 
of perfect bulk silicon. Spots corresponding to the {3 11) 
and {33 1) diffraction are observed. 
Figure 3 shows a structure of irregular hexagonal pores 
(whitish regions). The main pores consist of many long 
voids running perpendicular to the ( 111) surface. Within 
the layer pores (whitish areas), we observe that the sec- 
ondary pores are enclosed by branches at - 120” angles. 
This branched structure forms the secondary pore struc- 
ture; here, as in the case shown in Fig. 2, we have a sec- 
ondary structure overlapped on a main pore structure. The 
smaller structures observed inside the (25-50 nm across) 
hexagonal holes reveal a skeletal framework of intercon- 
nected holes surrounding columns that have a distribution 
of cross-sectional diameters as follows: 20% are - 10 AL, 
50% are - 18 & and 40% are -36 A, as shown by the 
magnified view (4 x > displayed at the left-hand side. 
In order to check if the structure formed by large pores 
( > 20 nm j is generated by the preferential etching direc- 
tions of silicon we also observed the pattern etched on 
(lOO)-oriented Si samples. The results are shown in Fig. 4. 
Here we observe, as in Fig. 3, the formation of etched holes 
with a diameter of around z-50 nm. The etched holes also 
shows a substructure formed by thin walls parallel (A in 
Fig. 4) to each other with a thickness of about 12 h;. This 
parallel platelike structure exists throughout all PS struc- 
tures, but does not present a structure of branches at 
- 120” angles which is characteristic of the preferential 
etching directions. This sample also shows much less struc- 
ture within the pores than the one shown in Figs. 2 and 3. 
Coarsely cylindrical etched holes are then observed for 
both (lOO)- and (Ill)-oriented Si, which axis have the 
same direction as the electrical current. This clearly indi- 
cates that the mechanism of formation of a large-pore 
structure is independent of the preferential etching direc- 
tions. 
The electron diffraction pattern of this sample, is 
Teschke, Goncalves, and Galembeck 1349  This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:
143.106.108.134 On: Tue, 23 Jun 2015 11:20:26
FIG. 4. TEM micrograph of porous silicon formed on (lOO)-oriented 
silicon (p-type, boron doped, 0.006 a cm). Inset: The corresponding 
transmission electron diffraction pattern. X indicates spot streaking cor- 
responds to (111) diffraction and Y indicates a {3 1 l)-type ring. 
shown in Fig. 4. The main spot arcing is very pronounced. 
The arced 111 position ring (marked X) is strong and 
arced spots corresponding to 3 1 l-type reflection (marked 
Y) now appear. 
In summary, we have used a new etching technique to 
generate thin, luminescent porous silicon structures, which 
can be observed in the transmission electron microscope 
without any further sample preparation other than drying. 
This technique gives samples exempt of the structural ar- 
tifacts which may be created by ion milling or by fracturing 
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porous silicon. We have identified ultrafine ( - 15 A) sili- 
con columns together with columns of other diameters. 
The etching preferential directions in the various samples 
determine the structure of the thick walls ( > 20 nm) of the 
porous structures for (11 1)-oriented silicon; for (lOO)-- 
oriented silicon this structure is not observed because the 
current direction and preferential etching direction are co- 
incident. We also showed that large hole formation ( > 50 
nm, shown in Figs. 3 and 4) is independent of the prefer- 
ential etching directions and that it proceeds along current 
lines. 
The authors are grateful to J. R. Castro for technical 
assistance and CNPq and FAEP for financial support. 
‘A. Uhlil, Bell Syst. Tech,J 35, 333 (1955). 
‘D. R. Turner, J. Electrochem. Sot. 105, 403 (1958). 
‘M. J. Theussen, 5. Electrochem. Sot. 119, 351 ( 1972). 
4A. G. Cullis and L. T. Canham, Nature 353, 335 (1991). 
‘Y. H. Xie, W. L. Wilson, F. M. Ross, J. A. Mucha, E. A. Fitzgerald, J. 
M. Macaulay, and T. D. Harris, J. Appl. Phys. 71, 2403 (1992). 
6F. Phillip, K. Irbam, and M. Wilkens, Ultramicroscopy 13,379 (1964). 
7M. I. J. Beale, J. D. Benjamin, M. J. Uren, N. G. Chew, and A. G. 
Cullis, J. Cryst. Growth 73, 622 (1985). 
*S. F. Chuang, S. D. Collins, and R. L. Smith, Appl. Phys. Lett. 55, 675 
(1989). 
9H. Sugayama and 0. Nittono, J. Cryst. Growth 103, 156 (1990). 
“V. S. Kaushik, A. K. Datye, S. S. Tsao, T. R. Guillinger, and M. J. 
Kelly, J. Mater. Lett. 11, 109 (1991). 
“M. I. J. Beale, N. G. Chew, M. J. Uren, A. G. Cullis, and J. D. 
Benjamin, Appl. Phys. Lett. 46, 86 (1985). 
I2 S. S. Tsao, D. R. Myers, T. R. Guillinger, M. J. Kelly, and A: K. Datye, 
J. Appl. Phys. 62, 4182 (1987). 
13R. M Anderson, J. Aboaf, and D. P. Cameron, Proceedings of the 33rd 
Annual Electron Microscopy Society of America Meeting Las Vegas, 
NV, 1975 (unpublished), p. 88. 
I45 Harsanyi and H. U. Habermeier, Microelectron. Eng. 6, 575 (1987). 
“L R. Tessler, F. Alvarez, and 0. Teschke, Appl. Phys. Lett. 62, 2381 
(1993). 
Teschke, Goncalves, and Galembeck 1350 
 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:
143.106.108.134 On: Tue, 23 Jun 2015 11:20:26
